The susceptibility of zirconium and its common alloys to stress corrosion cracking (SCC) in nitric acid was investigated by slow strainrate and constant deflection techniques. Cracking occurred at 25°C over a wide range of acid concentrations and electrochemical potentials. The crack velocity increased slightly with increasing temperature. The failure mode was transgranular and the morphology was similar to SCC failures of zirconium alloys in other environments. The fracture was very orientationdependent suggesting that it occurs on a single crystallographic plane in the material. The results of the study are not consistent with a hydrogen mechanism for cracking.
INTRODUCTION
Few materials have adequate general corrosion resistance for in concentrated nitric acid at elevated temperatures. The stainless steels and some nickel-base alloys perform adequately at room temperature but are rapidly attacked when temperatures exceed 40 C (1,2,3).
The heat affected zones of welds of unstabilized steels are particularly susceptible to localized attack in the as-welded condition (2) . The aluminum alloys have better corrosion resistance than the stainless sceels to concentrated nitric acid (greater than 95 percent) (2) but are also susceptible to attack of the heat affected zone in fuming nitric acid above 50 C (4) and are rapidly attacked by nitric acid at concentrations less than 95 percent HNO-(5) .
(R) Tantalum (6) , platinum (1) , and Duriron (6) , have excellent corrosion resistance in concentrated nitric acid and in red fuming nitric acid both at 25 C and at elevated temperatures. However, all three materials are difficult to fabricate and tantalum and platinum are expensive, (R) whereas Duriron is a cast material and is only available in restricted geometries. Glass lined vessels are occasionally used in fuming nitric acid at elevated temperatures (7) but are difficult to fabricate and maintain.
Titanium has excellent general corrosion resistance in concentrated nitric acid but is susceptible to stress corrosion cracking (SCC) and pyroj-^oricity in anhydrous HN0 3 containing N0 2 (8, 9) . Gilbert and Funk (8) found that commercial grade titanium was susceptible to both forms of attack at ambient temperature in HNO.. containing less than 1 percent H_0 and greater than 10 percent NO,. Zirconium and its alloys have vsry low corrosion rates in concentrated nitric acid and in red fuming nitric acid (10) . ar'j relatively easy to fabricate, and are inexpensive compared to tantalum and platinum. However, the chemical similarities between zirconium and titanium suggest that zirconium may also exWibit SCC in red fuming nitric acid although none has been reported in the literature. Indeed, zirconium alloys are susceptible to SCC in many of the environments in which failures of titanium .alloys have also been observed. Cracking of both titanium (11) and zirconium (12,13) has been reported in methanolic solutions containing halogens, in halogen acids and in halide salts. Accordingly, the following study was conducted to evaluate the SCC susceptibility of zirconium alloys in concentrated HNO, and in red fuming nitric acid.
EXPERIMENTAL PROCEDURE

Materials
Stress corrosion testing was conducted on commercial srade zirconium, Zircaloy-2 and Zircaloy-4. Rod stock was used for a major portion of the studies but limited testing was also conducted on sheet stock of Zircaloy-4. Chemical analyses of these materials are given in Table 1 .
Add Preparation
Nitric acid containing a range of H-0 contents was used in this study. HNO-containing greater than 30 percent H«O was prepared by dilu- contents were produced by varying the sparging time from 0.5 hours to 3
hours. These samples were analyzed by wet chemical techniques and a sparging time-N0 2 content curve was generated. From this curve, the sparging time to produce the desired NO, content was determined. Following NO, addition, the acids were analyzed for water content by near infrared absorption using techniques developed by White and Barrett (14) . Generally, the water content of the acids increased to 0.3 -0.4 weight percent during N0 2 sparging.
Stress Corrosion Testing
Most of the stress corrosion testing was conducted using the slow strain-rate technique (15) . Cylindrical specimens 4.8 mm in diameter x 179 mm in length were cut from the rod stock and reduced gauge sections 2.5 mm The influence of acid concentration on cracking velocity at 25 C is shown in Figure 3 from which it can be seen that the maximun crack velocity occurred in 90 percent HNO,. It should be noted, however, that even in 60 percent acid, the lowest concentration tested, cracking occured.
Slow strain-rate tests also were conducted on Zircaloy-4 and on commercial grade zirconium in red fuming nitric acid to evaluate the influence of N0_ on cracking. Results presented in Table 2 show that the presence of N0_ did not significantly affect cracking. Note that the latter test condition causes SCC of titanium (8, 9) .
The potential dependence of SCC susceptibility of Zircaloy-4
was studied in 90 percent HNO, to determine whether the material could be anodically or cathodically protected from cracking. Prior to controlled potential testing, polarization curves were obtained in 90 .percent HNO-at 25 C. Aeration or deaeration did not affect the polarization behavior.
The resulting curve for deaerateci HNO- (Figure 4) shows that the free corrosion potential was approximately 1.08V (SCE) and that corrosion increased rapidly on anodic polarization. Results of the SCC tests, given in Figure 5 , show that crack velocity was a maximum near the free'corrosion potential and gradually decreased upon cathodic polarization whereas it sharply H :creased upon anodic polarization. However, rapid general corrosion occured at the anodic potentials.
The temperature dependence of the crack velocity in Zircaloy-4
Is shown in Figure 6 . The data indicates a slight increase with increasing temperature but the data are to scattered to determine an activation energy for crack growth.
U-bends of Zircaloy-4 were exposed to 90 percent HN0_ under freely corroding conditions at 25 C. Specimens that were oriented with the plane of maximum stress parallel to the rolling direction failed within 3 weeks whereas specimens oriented with the plane of maximum stress perpendicular to the rolling direction did not fail in 2 months but cracking was evident along the rolling direction, as'shown in Figure 7 . The failed specimens were examined with a low-power optical microscope and the fracture surfaces were covered with a black tarnish. Specimen edges were also tarnished whereas the free surfaces were unattacked. The fracture surfaces were examined with a SEM and the features were generally obliterated by the thick tarnish but in areas where surface detail was evident the morphology was similar to that found in specimens tested by the slow strain-rate method.
DISCUSSION
Zirconium has very good resistance to most mineral acids and to strong alkali solutions. It has been pointed out by Shrier (16) that because of this unique property zirconium is an excellent material for sections of chemical plants demanding alternate contact with strong acids and alkalis. In light of the results reported here, however, the above statement needs to be modified. Our results clearly indicate that zirconium and its common alloys are susceptible to stress corrosion cracking in nitric acid solutions. We did not define all the conditions under which cracking will occur, but certainly at concentrations of 60 weight percent or greater cracking of stressed zirconium is highly likely even at room temperature. Perhaps at lower acid concentrations cracking would not occur, but safe conditions for use of zirconium equipment in nitric acid will have to be determined experimentally.
The morphology of the transgranular failure was cleavage-lika and similar to that observed in zirconium in other environments (17) .
The fact that fracture was very orientation-dependent suggests that it occurs on a single crystallographic-plane in the material. In zirconium and zirconium-tin alloys the rolling direction is [1010] (lies in basal "lane) and the basal plane is inclined ^40 degrees with respect to the rolling plane (18, 19) . Thus, fracture most likely occurs on the basal plane or on one of the family of planes whose zone axis is [1010]; namely, {T214}, {T2T2}, U2Tl}, or U210}. The hydride habit plane in zirconium is reported to be {I0T0} (20, 21) and thus it is difficult to reconcile studies also are not consistent with a hydrogen model that would necessitate hydrogen entry into the metal through hydrogen reduction. The electrochemical potential range in which cracking was observed,
• 0.7 -1.1V (SCE), is considerably more noble than the hydrogen reversible potential in this environment and thus hydrogen formation during corrosion and subsequent absorption by zirconium is highly unlikely. 
